Rationale Discounting of delayed and probabilistic reinforcement is linked to increased drug use and pathological gambling. Understanding the neurobiology of discounting is important for designing treatments for these disorders. Glutamate is considered to be involved in addiction-like behaviors; however, the role of ionotropic glutamate receptors (iGluRs) in discounting remains unclear. Objectives The current study examined the effects of Nmethyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptor blockade on performance in delay and probability discounting tasks. Methods Following training in either delay or probability discounting, rats (n=12, each task) received pretreatments of the NMDA receptor antagonists MK-801 (0, 0.01, 0.03, 0.1, or 0.3 mg/kg, s.c.) or ketamine (0, 1.0, 5.0, or 10.0 mg/kg, i.p.), as well as the AMPA receptor antagonist CNQX (0, 1.0, 3.0, or 5.6 mg/kg, i.p.). Hyperbolic discounting functions were used to estimate sensitivity to delayed/probabilistic reinforcement and sensitivity to reinforcer amount. Results An intermediate dose of MK-801 (0.03 mg/kg) decreased sensitivity to both delayed and probabilistic reinforcement. In contrast, ketamine did not affect the rate of discounting in either task but decreased sensitivity to reinforcer amount. CNQX did not alter sensitivity to reinforcer amount or delayed/probabilistic reinforcement. Conclusions These results show that blockade of NMDA receptors, but not AMPA receptors, decreases sensitivity to delayed/probabilistic reinforcement (MK-801) and sensitivity to reinforcer amount (ketamine). The differential effects of MK-801 and ketamine demonstrate that sensitivities to delayed/probabilistic reinforcement and reinforcer amount are pharmacologically dissociable.
Introduction
Delay and probability discounting refer to the decrease in subjective value of a reinforcer as a function of the delay to or odds against its delivery, respectively. In general, performance in delay and/or probability discounting tasks is associated with several maladaptive behaviors, including drug use and pathological gambling. For example, drug abusers show greater discounting of delayed monetary rewards relative to non-abusers (Bickel et al. 1999; Coffey et al. 2003; Madden et al. 1997; Mitchell 1999; Vuchinich and Simpson 1998) , although other studies show that drug users and non-users do not differ in probability discounting (Andrade and Petry 2012; Mitchell 1999; Ohmura et al. 2005; Reynolds et al. 2007; Yi and Landes 2012) . Pathological gamblers show steeper discounting of delayed reinforcement and respond more for large, uncertain reinforcers relative to small, certain reinforcers (Madden et al. 2009; Petry 2001) . Among college student participants, delay discounting functions are correlated across reinforcer types (food, sexual stimuli, money), whereas probability discounting functions are not (Holt et al. 2014) . Taken together, these results suggest that delay and probability discounting reflect different constructs, likely involving dissociable neurobehavioral mechanisms.
Glutamate is the major excitatory amino acid neurotransmitter involved in learning and memory (see Riedel et al. 2003 for a review) and is considered to play a pivotal role in addiction-like behaviors (Kalivas 2009 ) and impulse disorders (Lesch et al. 2013; Pattij and Vanderschuren 2008) . Because memory processes have been proposed to underlie discounting (Killeen 2011) , glutamatergic functioning is a potential mechanism underlying sensitivity to delayed and/or uncertain reinforcement. Indeed, evidence suggests that elevated glutamate levels are associated with increased delay discounting (Schmaal et al. 2012) . Blockade of N-methyl-Daspartate (NMDA) receptors has also been demonstrated to increase delay discounting (Cottone et al. 2013; Floresco et al. 2008) . However, it is not known if NMDA antagonists alter delay and probability discounting differentially, nor is it known if other ionotropic receptors are involved. Thus, the goals of the current study were to determine if NMDA receptors differentially mediate delay and probability discounting performance and to determine if α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are involved in discounting.
Methods

Subjects
A total of 48 Sprague-Dawley rats were tested in either a delay discounting (n=24) or probability discounting (n=24) task. They were acclimated to a colony room held at a constant temperature and handled for 5 days upon arrival. Rats had no prior operant training before the current experiment; however, during adolescence, some rats were treated with amphetamine (1.0 mg/kg; 4 injections) and saline (1.0 ml/kg; 4 injections) on alternating days (n=12), and some were only treated with saline (8 injections; n=12). Amphetamine treatment during adolescence did not significantly alter discounting of delayed or probabilistic reinforcement in the current study (data not shown). Rats were individually housed during the current experiment. Light and dark phases were on a 12:12-h cycle, and all procedures occurred in the light phase. Rats were food restricted (given 10 g/day) during behavioral studies. All procedures were in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council 2011) and were approved by the Institutional Animal Care and Use Committee at the University of Kentucky.
Drugs
(+)-MK-801 hydrogen maleate, (±)-ketamine hydrochloride, and 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt hydrate (CNQX; Sigma, St. Louis, MO) were prepared in sterile 0.9 % NaCl (saline) and injected in a volume of 1 ml/kg. The doses were calculated based on salt weight.
Apparatus
Operant-conditioning chambers (28×21×21 cm; ENV-008; MED Associates, St. Albans, VT) located inside soundattenuating chambers (ENV-018M; MED Associates) were used. The front and back walls of the experimental chambers were made of aluminum, while the side walls were made of plexiglas. There was a recessed food tray (5×4.2 cm) located 2 cm above the floor in the bottom-center of the front wall. An infrared photobeam was used to record head entries into the food tray. A 28-V white cue light was located 6 cm above each response lever. A white house light was mounted in the center of the back wall of the chamber. All responses and scheduled consequences were recorded and controlled by a computer interface. A computer controlled the experimental session using Med-IV software.
Procedure
Rats were given 2 days of magazine training, in which sucrose-based 45 mg pellets (F0021 dustless precision pellet, Bio-Serve, Frenchtown, NJ) were non-contingently delivered into the food tray. Following magazine training, rats were given lever press training. Each session began with illumination of the house light. A head entry into the food hopper resulted in presentation of one lever. Levers were presented randomly, with no more than two consecutive presentations of the same lever. A response on either lever resulted in delivery of one sucrose pellet. Pellets were also delivered noncontingently on a random time 100 s schedule of reinforcement. Following a response on either lever, the house light was extinguished, and the lever was retracted for 5 s. After 5 s, the house light was illuminated. Each session lasted 30 min.
After three sessions, rats received reward magnitude discrimination training, which consisted of 40 trials. Each trial lasted 40 s and began with illumination of the house light. A head entry into the food hopper extended one of the levers (randomly presented, with no more than two consecutive presentations of the same lever). A response on one lever resulted in immediate delivery of one pellet, whereas a response on the other lever resulted in immediate delivery of four pellets (the lever associated with the large reward magnitude was counterbalanced across rats). Following a response, the house light was extinguished, and the lever was retracted for the remainder of the trial. If a response was not made within 10 s, the trial was scored as an omission, and the house light was extinguished for the remainder of the trial. After 7 days of reward magnitude discrimination training, rats were trained in either a delay discounting or probability discounting task.
Discounting sessions consisted of five blocks of nine trials (delay discounting) or 18 trials (probability discounting), and each trial lasted either 60 s (delay discounting) or 30 s (probability discounting). The first four trials (delay discounting) or eight trials (probability discounting) in a block were forcedchoice trials, in which only one lever was randomly presented (no more than two consecutive presentations of the same lever). The remaining trials were free-choice trials, in which both levers were extended. As in reward magnitude discrimination training, a response on one lever always resulted in immediate delivery of one food pellet. A response on the other lever resulted in either delayed or probabilistic delivery of four pellets. The delay to or odds against (odds against=[1-probability]/probability) the delivery of the large magnitude reward increased across blocks of trials. The delays to the larger reinforcer were 0, 5, 10, 20, and 50 s, and the odds against obtaining reinforcement were 0, 1, 3, 7, and 15 s. Following a response on either lever, the house light was extinguished, and the lever was retracted for the remainder of the trial. If a response was not made within 10 s, the trial was scored as an omission, and the house light was extinguished for the remainder of the trial.
Following training, rats (n=12 each task) received various doses of the NMDA receptor antagonist MK-801 (0, 0.01, 0.03, 0.1, or 0.3 mg/kg, s.c.), with each dose administered 15 min prior to the session. The doses and pretreatment time were chosen based on previous work (Almasi-Nasrabadi et al. 2012; Fredriksson and Archer 2002; Wooters et al. 2011) . A separate group of rats (n=12 each task) received various doses of the NMDA receptor antagonist ketamine (0, 1.0, 5.0, or 10.0 mg/kg, i.p.) 15 min prior to the session. The doses and pretreatment time were chosen based on previous work (Cottone et al. 2013; Floresco et al. 2008; Oliver et al. 2009 ). A subset of rats treated with MK-801 (n=6 each task) and ketamine (n=6 each task) received additional training in the discounting tasks before receiving various doses of the AMPA receptor antagonist CNQX (0, 1, 3, or 5.6 mg/kg, i.p.) 20 min prior to the session. The doses and pretreatment time were chosen based on previous work (Bäckström and Hyytiä 2004; Wooters et al. 2011) . In each experiment, pretreatments occurred once every 4 days, and dose order was randomized.
Data analysis
To determine if MK-801, ketamine, or CNQX altered delay or probability discounting, the hyperbolic discounting function was fit to each individual's data as defined by the equation V= A/(1+bX), where V is the subjective value of the reinforcer, A is reinforcer amount, b is the rate of discounting, and X represents the delay to or odds against reinforcer delivery (Mazur 1987) . This analysis was chosen because sensitivity to delayed/probabilistic reinforcement and sensitivity to reinforcer amount have been proposed to independently influence discounting of a reinforcer (Ho et al. 1999) . The median proportion of variance accounted for by the hyperbolic discounting function was .83 for delay discounting and .86 for probability discounting.
Because omissions and A parameter estimates were not normally distributed, these data were analyzed with Friedman tests. Main effects were probed with Wilcoxon signed-ranked post hoc tests. Log-transformed b parameter estimates were analyzed with repeated measures analyses of variance (ANOVA), with treatment as a within-subjects factor. When the assumption of sphericity was violated, degrees of freedom were corrected using Greenhouse-Giesser estimates of sphericity. Main effects were probed with Bonferroni post hoc tests. Significance was defined as p<.05 in all cases, except for the use of Wilcoxon signed-ranked post hoc test, in which a Bonferroni adjustment was used to correct for multiple comparisons. Figure 1 shows the proportion of choices for the delayed/ probabilistic reinforcer following each dose of MK-801, ketamine, and CNQX. The proportion of choices for the large delayed/probabilistic reinforcer decreased as function of the delay to or odds against receiving reinforcement, although the highest doses of MK-801 (0.1 and 0.3 mg/kg) flattened the discounting functions in both tasks. The flattening of the discounting functions following MK-801 (0.1 and 0.3 mg/kg) can be attributed to a loss in schedule control, as these doses significantly increased omissions in delay (χ 2 (4)=41.02, p<.05; Fig. 2a ) and probability discounting tasks (χ 2 (4)= 38.51, p<.05; Fig. 2b ). Because the higher doses (0.1 and 0.3 mg/kg) of MK-801 produced a general suppression in behavior, these doses were excluded from subsequent analyses of parameters b and A. Although ketamine did not increase the number of omissions during the delay discounting task (Fig. 2c) , ketamine (10.0 mg/kg) significantly increased omissions during the probability discounting task (χ 2 (3)=14.20, p<.05; Fig. 2d ). Similar to ketamine, CNQX did not significantly alter omissions in delay discounting (Fig. 2e) , but the highest dose (5.6 mg/kg) significantly increased omissions in probability discounting (χ 2 (3)=8.48, p<.05; Fig. 2f ). Figure 3a shows two theoretical hyperbolic discounting functions highlighting differential sensitivity to delayed/ probabilistic reinforcement (parameter b) with no differences in sensitivity to reinforcer amount (parameter A). Figure 3b shows two theoretical discounting functions highlighting different A parameter estimates with no change in parameter b. Fig. 3c and d show the hyperbolic discounting function fit to representative subjects performing in delay discounting (Fig. 3c ) and probability discounting (Fig. 3d) in the absence of drug.
Results
Parameters b and A were derived and plotted in Figs. 4 and 5 for each drug dose, except for the two highest doses of MK-801 (0.1 and 0.3 mg/kg) for delay and probability discounting. MK-801 (0.03 mg/kg) decreased sensitivity to delayed reinforcement (F(2, 22)=5.04, p<.05; Fig. 4a ) and probabilistic reinforcement (F(2, 22)=9.68, p<.01; Fig. 4b ). Ketamine and CNQX did not significantly alter sensitivity to delayed/ probabilistic reinforcement (Fig. 4c-f) . MK-801 increased sensitivity to reinforcer magnitude in the delay discounting task (χ 2 (2)=7.64, p<.05; Fig. 5a ), although post hoc tests revealed no significant differences between doses (p's>.025, Bonferroni correction; Fig. 5a ). MK-801 did not alter sensitivity to reinforcer amount in the probability discounting task (Fig. 5b) . In contrast to MK-801, ketamine significantly decreased sensitivity to reinforcer amount in delay discounting (χ 2 (3)=9.81, p<.05; Fig. 5c ) and probability discounting Fig. 1 Mean (±SEM) proportion of choices for the large magnitude reinforcer as a function of the delay to or odds against receiving reinforcement in the delay and probability discounting tasks following pretreatments of MK-801 (a and b, respectively; n=12 each task), ketamine (c and d, respectively; n=12 each task) and CNQX (e and f, respectively; n= 12 each task) Fig. 2 Mean (±SEM) omissions during free-choice trials in the delay and probability discounting tasks following pretreatments of MK-801 (a and b, respectively; n=12 each task), ketamine (c and d, respectively; n=12 each task), and CNQX (e and f, respectively; n=12 each task). *p<.05, relative to vehicle. Note the different yaxes for delay and probability discounting tasks Fig. 3 Theoretical hyperbolic discounting curves showing a differential sensitivity to delayed/ probabilistic reinforcement discounting (parameter b) and b differential sensitivity to reinforcer magnitude (parameter A). Representative hyperbolic discounting function fit to individual subjects performing in the delay discounting or probability discounting task (c and d, respectively) (χ 2 (3)=18.85, p<.05; Fig. 5d ). Post hoc tests showed that the highest dose of ketamine (10.0 mg/kg) decreased sensitivity to reinforcer amount in both tasks (p's<.017, Bonferroni correction). Furthermore, a dose of ketamine (5.0 mg/kg) that did not produce an increase in omissions decreased sensitivity to reinforcer amount in the probability discounting task (p<.017, Bonferroni correction). CNQX did not alter sensitivity to reinforcer magnitude in either task (Fig. 5e, f) .
Discussion
There were three important findings to the current study. First, NMDA receptor blockade with MK-801 dose dependently decreased sensitivity to both delayed and probabilistic reinforcement. The decrease in sensitivity in both tasks occurred at a dose of MK-801 (0.03 mg/kg) that did not alter omissions, suggesting a specific effect on choice behavior. Second, NMDA receptor blockade with ketamine decreased sensitivity to reinforcer amount without altering sensitivity to delayed/ probabilistic reinforcement. Similar to the finding with MK-801 (0.03 mg/kg), the decrease in sensitivity to reinforcer amount occurred at a dose of ketamine (5.0 mg/kg in probability discounting, 10.0 mg/kg in delay discounting) that did not alter omissions. Third, AMPA receptor blockade with CNQX did not affect sensitivity to delayed/probabilistic reinforcement or sensitivity to reinforcer amount. Together, these results demonstrate that glutamate mediates delay and probability discounting via NMDA receptors, and the NMDA receptor antagonists MK-801 and ketamine produce differential effects on sensitivity to delayed/probabilistic reinforcement (parameter b) and sensitivity to reinforcer amount (parameter A).
The finding that MK-801 decreased delay discounting contrasts with previous findings that administration of ketamine and the NMDA receptor antagonist memantine increase delay discounting (Cottone et al. 2013; Floresco et al. 2008) . One important consideration is that MK-801, ketamine, and memantine differentially interact with NMDA receptor channels. Specifically, MK-801 has higher potency relative to Fig. 4 Mean (±SEM) parameter estimate b values obtained for delay and probability discounting following pretreatments of MK-801 (a and b, respectively; n=12 each task), ketamine (c and d, respectively; n=12 each task), and CNQX (e and f, respectively; n=12 each task). *p<.05, relative to vehicle. Note that log transformed b values were used for data analyses ketamine and memantine (Parsons et al. 1995) ; however, ketamine and memantine bind with the channel faster (Parsons et al. 1995) and show faster unblocking kinetics relative to MK-801 (see Danysz et al. 1997 for a review). Furthermore, ketamine and memantine reduce NMDA receptor-mediated excitatory postsynaptic potentials in a voltage-dependent manner, whereas the effects of MK-801 on postsynaptic potentials appear to be less voltagedependent (Frankiewicz et al. 1996; Halliwell et al. 1989) .
Another important consideration for comparing results across studies is that MK-801, ketamine, and memantine show differential selectivity for non-NMDA receptors. For example, MK-801 inhibits nicotinic acetylcholine receptors (Amador and Dani 1991) ; however, blockade of nicotinic receptors does not alter discounting of delayed or probabilistic reinforcement (Mendez et al. 2012) . As for dopamine activity, previous work has shown that acute administration of MK-801 (0.03 and 0.1 mg/kg) increases dopamine levels in prefrontal cortex (Tsukada et al. 2005) . Interestingly, drugs that increase dopamine levels typically decrease sensitivity to delayed and uncertain reinforcement (e.g., Koffarnus et al. 2011; St Onge and Floresco 2009 ). Thus, the decrease in discounting observed following MK-801 administration might be explained from its interaction with the prefrontal dopamine system. In contrast to MK-801, ketamine acts at sigma receptors (Robson et al. 2012 ) and opioid receptors (Gupta et al. 2011 ). Ketamine also acts as an antagonist at 5-HT 2 receptors (Kapur and Seeman 2002) , and memantine blocks 5-HT 3 Fig. 5 Mean (±SEM) parameter estimate A values obtained for delay and probability discounting following pretreatments of MK-801 (a and b, respectively; n=12 each task), ketamine (c and d, respectively; n=12 each task), and CNQX (e and f, respectively; n=12 each task). *p<.05, relative to vehicle. Note the different y-axis for ketamine relative to MK-801 and CNQX receptors (Rammes et al. 2001) , although antagonism of 5-HT receptors typically does not increase the rate of discounting (Hadamitzky et al. 2009; Liu et al. 2004; Talpos et al. 2006) . Future studies will need to further characterize the specific role that NMDA receptors play in delay and probability discounting performance.
While MK-801 produced a clear upward shift in the discounting function, it should be noted that MK-801 increases food intake in rats (Burns and Ritter 1997; Ninan and Kulkarni 1998) . Because MK-801 increases food consumption, this could motivate animals to earn more food during the discounting procedure. Indeed, an increase in the A parameter was observed following administration in the delay discounting task. However, altered hunger motivation does not provide a cogent explanation of the results because sensitivity to reinforcer amount was not altered in the probability discounting task. Furthermore, b and A independently influence discounting performance (see Ho et al. 1999) . If the alteration in discounting following MK-801 administration was due to a change in hunger motivation, one would expect to observe a change in A only. Another argument against a role for altered hunger motivation is that ketamine, which has been shown to increase sweet food consumption (Garcia et al. 2009 ), caused a decrease in sensitivity to reinforcer amount in both the delay and probability discounting task.
The ketamine-induced specific decrease in reinforcer amount sensitivity observed in the current study seems to contrast with the ketamine-induced increase in delay discounting reported previously (Floresco et al. 2008; Cottone et al. 2013) . However, there are at least two procedural differences that may account for the discrepant findings observed across studies. First, the number of forced/freechoice trials differed across studies; the current study used four forced-choice trials and five free-choice trials, whereas Floresco et al. (2008) used two forced-choice and ten freechoice trials. We chose to use fewer trials in our procedure to limit the maximum number of pellets a rat could earn in a session (150 pellets for an individual rat during a single session), and we wanted to ensure that the number of pellets earned in the delay discounting procedure was similar to the pellets earned in the probability discounting procedure (between 90-150 pellets in each task). It is unlikely that the number of trials affected discounting performance because animals performing the probability discounting task received twice as many trials (eight forced-choice and ten free-choice) and showed similar effects in discounting performance following MK-801 and ketamine administration. Second, another important consideration is the analyses used across the two studies. Floresco et al. (2008) used an ANOVA to analyze the percentage of responses for the large reinforcer, whereas the current study used the hyperbolic discounting function to generate parameter estimates of b (sensitivity to delayed/ probabilistic reinforcement) and A (sensitivity to reinforcer amount). Importantly, ketamine administration appeared to produce a parallel negative shift in the discounting curve as in the Floresco et al. (2008) study, suggesting that sensitivity to reinforcer magnitude, but not the rate of discounting, was altered. To add further support of this interpretation, the current results show that ketamine administration had no effect on sensitivity to delayed/probabilistic reinforcement, but decreased sensitivity to reinforcer amount (parameter A). Collectively, the current results coincide with those of Floresco et al. (2008) , and indicate that ketamine's effects are specific to the reward amount discrimination within both delay and probability discounting.
Delay and probability discounting may measure similar or distinct constructs of impulsivity. It has been proposed that delay and probability discounting reflect a similar underlying process (Myerson and Green 1995; Rachlin et al. 1991) . In support of this proposal, the same mathematical functions (e.g., hyperbolic) can be used to model delay and probability discounting (Rachlin et al. 1991) . Also, administration of amphetamine produces similar shifts in delay (e.g., van Gaalen et al. 2006; Winstanley et al. 2003 ) and probability discounting (e.g., Floresco and Whelan 2009; St Onge and Floresco 2009 ). However, other evidence suggests that delay and probability discounting involve distinct processes, with delay and probability discounting reflecting impulsive choice and risky decision making, respectively (Ainslie 1975; Kahneman and Tversky 1979) . In support of this latter view, manipulating reinforcer magnitude differentially alters discounting of delayed and uncertain reinforcement (Green et al. 1999) , and forebrain depletion of serotonin increases sensitivity to delayed reinforcement without altering sensitivity to probabilistic reinforcement (Mobini et al. 2000) . If this interpretation is accurate, the current results suggest that NMDA receptors differentially mediate impulsivity, with MK-801 decreasing impulsive choice but increasing risky decision making. This distinction is important to make in order to effectively treat individuals diagnosed with different psychiatric disorders characterized by impulsive or risky decision making. In this case, prescribing an individual with a drug similar to MK-801 may be beneficial for someone high in impulsive choice; however, the same medication may be ineffective in someone with pathological gambling.
In conclusion, results from the current study show that NMDA receptor antagonists differentially mediate sensitivity to reinforcer amount and sensitivity to delayed/probabilistic reinforcement. Blockade of NMDA receptors with the noncompetitive antagonist MK-801 decreased sensitivity to delayed and uncertain reinforcement to a similar extent, whereas antagonism of NMDA receptors with ketamine decreased sensitivity to reinforcer amount without altering delay/ probability discounting. Understanding the precise role of glutamate systems in delay and probability discounting might be beneficial in developing treatments for disorders such as drug abuse or pathological gambling.
